Cone photoreceptors are required for color discrimination and highresolution central vision and are lost in macular degenerations, cone and cone/rod dystrophies. Cone transplantation could represent a therapeutic solution. However, an abundant source of human cones remains difficult to obtain. Work performed in model organisms suggests that anterior neural cell fate is induced 'by default' if BMP, TGFβ and Wnt activities are blocked, and that photoreceptor genesis operates through an S-cone default pathway. We report here that Coco (Dand5), a member of the Cerberus gene family, is expressed in the developing and adult mouse retina. Upon exposure to recombinant COCO, human embryonic stem cells (hESCs) differentiated into S-cone photoreceptors, developed an inner segment-like protrusion, and could degrade cGMP when exposed to light. Addition of thyroid hormone resulted in a transition from a unique S-cone population toward a mixed M/S-cone population. When cultured at confluence for a prolonged period of time, COCOexposed hESCs spontaneously developed into a cellular sheet composed of polarized cone photoreceptors. COCO showed dosedependent and synergistic activity with IGF1 at blocking BMP/TGFβ/ Wnt signaling, while its cone-inducing activity was blocked in a dosedependent manner by exposure to BMP, TGFβ or Wnt-related proteins. Our work thus provides a unique platform to produce human cones for developmental, biochemical and therapeutic studies and supports the hypothesis that photoreceptor differentiation operates through an S-cone default pathway during human retinal development.
INTRODUCTION
Macular degenerations, retinitis pigmentosa and retinal dystrophies affect millions of people worldwide. In most cases, loss of visual function results from death of photoreceptors, the specialized cells involved in phototransduction (Pacione et al., 2003) . Macular degenerations and cone dystrophies preferentially target the macula, a cone photoreceptor-rich retinal structure involved in color discrimination and high-resolution central vision. Cell replacement therapy may stop disease progression or restore visual function. However, a reliable and abundant source of human cone photoreceptors is not currently available. This limitation may be overcome using embryonic stem cells (ESCs). ESCs originate from the inner cell mass of the blastocyst and represent the most primitive stem cells. Human ESCs (hESCs) can develop into cells and tissues of the three primary germ layers and be expanded indefinitely (Reubinoff et al., 2000; Thomson et al., 1998) .
Work performed in amphibians and chick suggests that primordial cells adopt a neural fate in the absence of alternative cues (Muñoz-Sanjuán and Brivanlou, 2002 ). The default model of neural induction has paved the way to the differentiation of ESCs into neurons (Tropepe et al., 2001) . The retina and cerebral cortex originate from the anterior portion of the neural plate, and hESCs spontaneously adopt an anterior positional identity when induced to differentiate into neurons (Banin et al., 2006; Couly and Le Douarin, 1988) . However, only a fraction of these cells actually differentiate into retinal neurons, possibly because active inhibition of bone morphogenetic protein (BMP), transforming growth factor β (TGFβ) superfamily (including Nodal and Activin), and Wingless (Wnt) signaling is normally required . In principle, this can be partially achieved by expressing noggin and chordin, two BMP antagonists, and dickkopf 1 (Dkk1), a Wnt antagonist. Furthermore, retinal fate can be promoted using insulin like growth factor 1 (IGF1) (Pera et al., 2001; Rorick et al., 2006) . Application of this rationale has led to the differentiation of hESCs into retinal progenitor cells, where ∼12% of cells express CRX (Lamba et al., 2006) . CRX is expressed by photoreceptor progenitors, mature photoreceptors and a subset of bipolar neurons (Chen et al., 1997; Freund et al., 1997; Furukawa et al., 1997) . Although ∼4% of differentiated hESCs were reported to express rhodopsin, a marker of rod photoreceptors, fewer than 0.01% express S-opsin (OPN1SW -HUGO), a marker of cone photoreceptors. Notably, transplanted cells could adopt rod and cone photoreceptor phenotypes when grafted into the retina of normal and Crx-deficient mice (Lamba et al., 2009 ). The differentiation of hESCs into cone and rod photoreceptors at a frequency of 12-20% over a 150-200 day period was also achieved using Dkk1 and LEFTY, a Nodal antagonist, as well as retinoic acid (RA) and taurine, two factors that can promote the terminal differentiation of photoreceptors (Osakada et al., 2008) . In addition, directed differentiation of hESCs into retinal pigment epithelium was performed using nicotinamide (Idelson et al., 2009 ). More recently, differentiation of human pluripotent stem cells into retinal organoids containing rod and cone photoreceptors was also achieved (Mellough et al., 2015; Nakano et al., 2012; Tucker et al., 2013) .
We report here that ∼60-80% of hESCs can be differentiated within 4-5 weeks into S-cone photoreceptors using human recombinant COCO, a multifunctional BMP, TGFβ and Wnt antagonist, supporting the hypothesis that photoreceptor development operates through an S-cone default pathway (Jadhav et al., 2006; Mears et al., 2001; Ng et al., 2001; Swaroop et al., 2010; Yanagi et al., 2002; Yaron et al., 2006) . The short wave (S) and medium wave (M) cone subtype ratio can also be manipulated by the addition of thyroid hormone and the procedure is achieved without using the embryonic body (EB) induction step. Alternatively, a self-organized and polarized 3D cone photoreceptor sheet can be derived that shows evidence of connecting cilium and outer segment formation. This work might contribute to progress toward the use of hESCs for the treatment of macular degenerations and cone dystrophies, and provides a framework with which to study the biochemistry and developmental genetics of human cones in a culture dish.
RESULTS

Mouse Coco is expressed in the developing CNS and retina
Members of the Cerberus/Dan family of secreted inhibitors can block BMP, Nodal/TGFβ and Wnt activities simultaneously (Bouwmeester et al., 1996; Piccolo et al., 1999) . In a search for a putative 'retinal promoting' factor of this family, we analyzed the expression pattern of the mammalian ortholog of Coco (also known as Dand5 or Cerl2 in mammals). In Xenopus, Coco is expressed maternally and ubiquitously within the ectoderm prior to neural induction, but expression is not detected after gastrulation (Bell et al., 2003) . However, a search of the UNIGENE and EST databases reveals that mouse Coco and human COCO transcripts are present in the eye, brain and testis cDNA libraries at embryonic and adult stages.
Coco encodes two transcripts, with one lacking the 5′ coding sequence (supplementary material Fig. S1A ). We analyzed mouse Coco expression by RNA in situ hybridization. Using the full-length mouse Coco cDNA (which recognizes both isoforms), we observed Coco expression in the optic vesicle and CNS at E9.5 (Fig. 1A) , in the retina and hair follicles at E14.5 and P1 (Fig. 1A) , and in the photoreceptor nuclear layer at P60 (supplementary material Fig. S1B ). These observations were confirmed using quantitative RT-PCR (qPCR) analysis on tissues from neonates at P3 using oligonucleotide pairs that recognize either the 5′ coding isoform or both isoforms (supplementary material Fig. S1C ).
COCO is a potent neural and photoreceptor inducer
Neural induction of hESCs can be achieved through the formation of floating EBs and subculture on a laminin or Matrigel substrate in serum-free media (supplementary material Fig. S2 ). Using the hESC line H9, we tested the putative neural/retinal-inducing activity of human recombinant COCO by morphological analysis of EBs maintained in suspension for 4-5 days and then subcultured on Matrigel. We quantified the frequency and kinetics of neural rosette formation (Fig. 1B) . In these experiments, COCO (30 ng/ml) was used in combination with IGF1 and FGF2 (referred to as CI medium) or added at 10 ng/ml to the previously described NDI medium (referred to as NCDI medium), which contains noggin, Dkk1, IGF1 and FGF2. The original NDI medium was used as a positive control (Lamba et al., 2006) . We found that although more colonies presented neural rosettes with the NCDI (∼67%) than with the NDI (∼50%) medium at day 6 of the differentiation protocol, this process was further improved with the CI medium (∼76%).
To directly compare the neural induction activity of the NDI and CI media, we analyzed the differentiated cells at early time points for the expression of neural rosette (PLZF; ZBTB16 -HUGO), pan-neural (SOX1, PAX6), anterior neural/forebrain (FOXG1) and anterior neural/ventral forebrain/early retinal (RAX) cell fate markers using qPCR (Chambers et al., 2009; Mathers et al., 1997; Walther and Gruss, 1991) . These results revealed that the CI medium provided robust neural and anterior neural/early retinal induction activity (Fig. 1C) .
To evaluate the putative retinal-inducing activity of COCO, we tested whether COCO+FGF2 possessed early retinal (SIX6) and photoreceptor [CRX, rhodopsin (RHO) , NRL, M-opsin (OPN1MW -HUGO) and S-opsin] inducing activity using qPCR analysis on colonies isolated at day 21 of the differentiation protocol (Gallardo et al., 1999; Jean et al., 1999) . We found that COCO+FGF2 was very efficient at inducing SIX6, CRX and S-opsin gene expression, and that this effect was dose dependent (Fig. 1D) . The retinalinducing activity of COCO (30 ng/ml)+FGF2 was comparable to that of NCDI medium. When this was combined with 10 ng/ml IGF1 (the same concentration as in the NDI and NCDI media), the induction of SIX6, CRX and S-opsin was further enhanced. This effect was dose dependent, and maximal CI activity was obtained when COCO concentrations ranged between 30 and 50 ng/ml (Fig. 1D ). Taken as a whole, the retinal-and photoreceptor-inducing activity of CI was ∼10-fold more effective than the NDI medium and ∼3-to 4-fold more effective than the NCDI medium. Expression of RHO and NRL (rods) and of M-opsin (M-cones) was not detected after 21 days of hESC differentiation in CI (supplementary material Fig. S3 ). However, timecourse analysis revealed weak induction (about 4-fold the hESC level) of the NRL and M-opsin genes at 1 week, and of RHO at week 2, suggesting that retinal progenitor cells might be potent to generate all types of photoreceptor cells at these early stages (supplementary material Fig. S3 ). Robust expression of the conespecific genes cone arrestin [also known as arrestin 3 (ARR3) and X-arrestin], cone transducin (GNAT2), phosphodiesterase 6H (PDE6H) and phosphodiesterase 6C (PDE6C) was also observed in cells exposed to CI for 21 days (Fig. 1E) (Corbo et al., 2007) , altogether suggesting a predominant S-cone photoreceptor cell population. Comparable results, but with variable efficiencies, were obtained with the hESC lines HUES1, HUES8 and HUES9 (supplementary material Fig. S4 ).
Generation of a highly enriched S-opsin-positive cell population
To further characterize the differentiated cell populations, we performed western blot analyses using extracts from hESCs exposed to NCDI or CI for 21 days. We observed robust expression of CRX and of the phototransduction proteins S-opsin, cone transducin and cone arrestin ( Fig. 2A,B) . Expression of rhodopsin and of M-opsin proteins was, however, not detected, even when thyroid hormone (T3) was added to the culture media (supplementary material Fig. S6A ).
We performed intracellular labeling using an anti-S-opsin antibody combined with fluorescence activated cell sorting (FACS) analysis on cells exposed to CI for 21 days (Chatoo et al., 2010) . We found that ∼70±9% (n=5 independent cell differentiation experiments) of differentiated cells from the H9 cell line highly expressed S-opsin (Fig. 2C) . Comparable results were obtained with the HUES1, HUES8 and HUES9 cell lines (supplementary material Fig. S6B ). In a separate set of experiments, S-opsin-labeled cell populations were sorted and analyzed by qPCR for the expression of retinal, mesendodermal, ectodermal and ESC markers ( Fig. 2D ,E). We found that S-opsin high cells (95% in experiment #1, 80% in experiment #2) expressed photoreceptor genes at levels several orders of magnitude higher than undifferentiated hESCs (Fig. 2E ). The S-opsin low cells (5% in experiment #1, 20% in experiment #2) were also positive for CRX, cone arrestin and S-opsin gene expression but at levels corresponding to 4-10% of those found in the S-opsin high population (Fig. 2E , inset). Both populations were, however, negative for non-retinal lineage-specific genes (Fig. 2E ).
Developmental kinetics of the differentiated cells
To study the developmental kinetics of the cell differentiation process, hESCs exposed to CI for 5, 10 and 21 days were analyzed by immunofluorescence (IF) microscopy for CHX10 (VSX1 -HUGO), SOX2, RAX and CRX expression (Burmeister et al., 1996; Ellis et al., 2004; Ferda Percin et al., 2000; Graham et al., 2003; Livne-Bar et al., 2006; Mathers et al., 1997; Taranova et al., 2006) . At day 5, we observed that the large majority of the cells were positive for the retinal progenitor markers CHX10 (90%) and SOX2 (100%) (Fig. 3A ,F,G). This proportion slightly declined at day 10, when numerous RAX-positive and CRX-positive cells also appeared ( Fig. 3B ,F,G). Yet, almost all CHX10-expressing cells also expressed SOX2 (Fig. 3D) . At day 21, few cells positive for CHX10, SOX2 or RAX remained, being replaced by prospective photoreceptor cells expressing CRX (Fig. 3C,F) .
Cells expressing S-opsin at the highest levels (40% of S-opsin high cells) were generally located within neural rosettes (Fig. 3E ). Most cells within rosettes also expressed βIII-tubulin (a marker of immature neurons) at low levels ( Fig. 3E) . Furthermore, ∼3% of cells present in our cultures had a typical neuronal morphology and expressed βIII-tubulin at high levels ( Fig. 3E ). The subtype identity of these neurons remains to be established. These analyses revealed that, upon exposure to CI, the large majority of hESCs rapidly adopt a retinal progenitor cell identity, which is also rapidly lost toward a cone photoreceptor precursor cell identity.
Cone phenotype and cGMP degradation in vitro
In all experiments, hESCs were induced to differentiate into photoreceptors when at confluence, which in our hands improved cell survival and neural/photoreceptor induction. However, this procedure prevented the analysis of single cells. At first, we analyzed cells exposed to CI by high-resolution IF at day 21, which confirmed immunoreactivity for CRX (mean 72±7%) and ABCA4
(mean 67±12%) in densely packed cellular aggregates (Fig. 4A ). ABCA4 is mutated in Stargardt disease and is expressed by cone and rod photoreceptors (Allikmets et al., 1997; Molday et al., 2000) . Cells differentiated for 21 days were next dissociated to single cells and plated on glass coverslips at low density. After an additional 7 days, they were analyzed by IF for the expression of cone markers. Under these conditions, most cells presented neurites and were positive for ABCA4 (mean 76±11%), S-opsin (mean 79±9%) and cone arrestin (mean 84.9±5%) (Fig. 4A ). Although S-opsin immunoreactivity was diffused throughout the cell at this early stage, it was enriched in the proximal soma of the cells, suggesting possible S-opsin compartmentalization ( Fig. 4A, inset ). Using the same experimental procedure, single cells were allowed to differentiate for 15 days. On rare occasions, we could observe the formation of more mature cones having an outer segment-like structure (Fig. 4A ). These cells were immunoreactive for ABCA4 at the presumptive junction between the inner and outer segments, a localization possibly corresponding to the nascent disk (Fig. 4A) . We also observed polarized accumulation of S-opsin at one side of the cells, also suggesting cone maturation (Fig. 4A ). Using scanning electron microscopy at day 35 of the differentiation protocol, we observed that cells within these aggregates displayed a buttonhead-like morphology reminiscent of the head-like morphology of week 15 human embryonic cones when viewed vertically (Fig. 4B) . In immature cones, this structure corresponds to the apex of the inner segment (Narayanan and Wadhwa, 1998) . The morphological similarity was also noticeable when cells were viewed in the horizontal plane, revealing the presence of an inner segment-like protrusion in the in vitro generated cones (Fig. 4B) .
One of the unique properties of photoreceptors is to degrade cGMP in response to the activation of photosensitive opsin pigments by light. This process occurs through release of the α-transducin subunit, which can activate the cGMP phosphodiesterase, ultimately resulting in membrane hyperpolarization (Michaelides et al., 2006) . To establish if cells could degrade cGMP in response to light exposure, we measured cGMP levels by immunoassay in cells differentiated for 35 days in NDI or CI medium (Jomary and Jones, 2008) . Extracts were isolated from cells exposed to a bright light for 1 min or maintained in the dark for 2 days. No difference in cGMP levels was observed in undifferentiated hESCs between light and dark conditions, in contrast to hESCs differentiated with NDI or CI medium (Fig. 4C) . To evaluate the total amount of cGMP hydrolyzed by all phosphodiesterases (PDEs) present in the cells, we applied a non-specific PDE inhibitor (IBMX). The addition of IBMX abolished the difference of cGMP levels between light and dark conditions (Fig. 4C) . The level of cGMP hydrolyzed by lightsensitive PDE corresponds to the difference between the levels in light and dark conditions and represented 240 femtomoles/10 6 cells in NDI medium and 560 femtomoles/10 6 cells in CI medium. The total amount of cGMP hydrolyzed by all PDEs (the difference between the cGMP levels in the presence and absence of IBMX in the light) corresponds to 650 femtomoles/10 6 cells. Therefore, light-sensitive PDEs account for 36% (240/650) of the total PDE activity in NDI-differentiated cells and for 86% (560/650) in CIdifferentiated cells.
Cone phenotype upon cell transplantation in mouse eyes
To test the capacity of the cells to migrate and adopt a cone phenotype in vivo, we performed cell transplantation experiments by injecting hESCs differentiated with CI for 2, 3 or 4 weeks into the vitreous of wild-type mouse pups (Lamba et al., 2009) . A fraction of the cells that underwent differentiation for 2 weeks, but not for 3 or 4 weeks, could migrate into various layers of the host retina, as detected using a human-specific mitochondrial antigen antibody (1.4±0.5% from the 10,000 cells injected) (supplementary material Fig. S5A,B) . Notably, rare human cells present in the photoreceptor nuclear layer were positive for S-opsin and adopted a morphology that was similar to that of endogenous photoreceptors (supplementary material Fig. S5B,B′) . The non-rodent identity of the double-positive cells was further confirmed by the unique pattern of chromatin condensation and the larger nuclei of human cells, as visualized with DAPI (supplementary material Fig. S5B′ ). These features were not present in PBS-injected eyes (supplementary material Fig. S5C ). These results suggested that a fraction of the immature human cone progenitors or precursors differentiated with CI could migrate into the mouse retina outer nuclear layer and adopt an S-cone photoreceptor fate in vivo.
Thyroid hormone signaling allows M-cone genesis
During mouse retinal development, cone differentiation into the M-cone subtype is induced by T3 through activation of the thyroid hormone receptor β2 (Thrβ2). Thrβ2 can repress the S-opsin promoter while activating the M-opsin gene (Roberts et al., 2006; Swaroop et al., 2010) . In previous assays using the EB induction protocol and CI, we were unable to detect M-opsin and Thrb2 expression by qPCR or western blot, even when cells were exposed to various concentrations of T3 (supplementary material Fig. S3 and Fig. S6A ). To test if this limitation could be overcome, we induced hESCs predifferentiation by plating them directly on reduced growth factor Matrigel for 5-7 days in hESC medium until they reached confluence, and then added CI medium (thus bypassing the EB induction step) (Chambers et al., 2009) . With this modification, addition of T3 to the CI medium resulted in a dose-dependent activation of M-opsin and Thrb2 expression (Fig. 5A-D) . M-opsin gene expression reached maximum levels at T3 concentrations of 4-5 nM, decreasing dramatically at higher concentrations ( Fig. 5A-D) . This result was expected since T3 is toxic for cones at high concentrations (Ng et al., 2010) . In contrast to Thrb2, S-opsin gene expression decreased steadily with the addition of T3, which is suggestive of a binary cell fate choice between S-and M-cones (Fig. 5D) . However, because the maximal proportion of M-cones generated (6%) never compensated for the observed reduction in S-cones at 4-5 nM T3 (Fig. 5B,C) , S-cone differentiation might also be substantially inhibited by the addition of T3.
Spontaneous development of polarized cellular sheets containing cone photoreceptors
To test for self-organization of retinal tissue, we cultured COCOexposed hESCs at confluence for 60 days, without additional manipulations (Fig. 6A ). This generated a whitish and uniform cellular sheet (or tissue) that could be manipulated (see supplementary material Movie 1). The sheet could be grown to cover an entire well of a 6-well plate or cell culture dish, totaling ∼6×10 6 cells. Pigmented cells were not observed on either side of the sheet, suggesting the absence of retinal pigment epithelium. Quantitative analyses revealed that ∼80% of the cells were positive for CRX (Fig. 6B) . Confocal IF combined with 3D reconstruction analyses revealed that the sheet was polarized and that peanut agglutinin (PNA) staining, which labels the inner and outer segment membrane of cones, was located at the opposite side of the DAPIstained nuclear layer (Fig. 6C) (Blanks and Johnson, 1983) . The presumptive PNA + outer segment of cones thus connected with the Matrigel-coated Petri dish surface (Fig. 6A) . On average, the sheet was 150 µm thick and the nuclear layer was composed of ∼5 nuclei, with additional sparse nuclei randomly distributed (Fig. 6C) . Notably, immunolabeling for S-opsin was predominantly observed at the opposite side of the nuclei-rich layer (Fig. 6C) .
Formation of the photoreceptor outer segment requires the presence of a connecting cilium (Novarino et al., 2011; Rachel et al., 2012) . To test for this, we used three antibodies against proteins located at the connecting cilium, namely RP2, RPGR and acetylated α-tubulin (Ghosh et al., 2010; Hurd et al., 2010; Rachel et al., 2012) . These antibodies, and especially RPGR, decorated a unique rodshaped structure located in between the S-opsin-labeled outer segments and CRX-labeled nuclei (Fig. 6D) . IF analyses of flatmount P17 mouse retinas and human retinal sections were used to validate the specificity of all antibodies (supplementary material Fig. S7A-C) . We used transmission electron microscopy to analyze cellular morphology and observed in longitudinal sections the presence of cells having a well-developed inner segment-like structure containing numerous mitochondria and a large Golgi apparatus (Fig. 6E) . These cells had an additional protrusion resembling an immature outer segment, since membrane stacks were not present (Fig. 6E) . The presence of a connecting cilium was not observed in the limited number of samples analyzed. In transverse sections and at the level of the mitochondria-rich inner segment, we also observed groups of cells with a rosette-like organization (Fig. 6E) . 
Antagonism between COCO and BMP/TGFβ/Wnt activities
To address the mechanism of COCO activity, hESCs cultured under a constant concentration of FGF2, BMP4, activin A and WNT1 recombinant proteins were exposed, or not, to increasing concentrations of COCO, or of COCO+10 ng/ml IGF1, for a period of 7 days. Because SMAD2/3 proteins are stabilized through phosphorylation, we used β-actin to establish the phospho ( p)-SMAD2/3 and p-SMAD1/5/8 ratio (Funaba et al., 2002) . We found that phosphorylation of SMAD2/3 (a readout of BMP signaling) and of SMAD1/5/8 (a readout of TGFβ signaling) was inhibited in a dose-dependent manner by COCO, and that addition of IGF1 greatly increased COCO inhibitory activity (Fig. 7A) .
p-β-catenin, which represents the β-catenin pool targeted for proteosomal degradation, was also greatly increased by the addition of COCO, while addition of IGF1 ultimately resulted in a net reduction in p-β-catenin (at 50 and 100 ng/ml COCO), which is likely to reflect depletion of the β-catenin pool. Accordingly, the total level of β-catenin (a readout of Wnt signaling) progressively decreased with the addition of COCO, while β-catenin expression was nearly abolished with 50-100 ng/ml COCO+10 ng/ml IGF1 (Fig. 7A) . Comparable results were also obtained by immunohistochemistry analysis (Fig. 7A, lower panel) .
In converse experiments, hESCs differentiated with CI were exposed to increasing concentrations of activin A, BMP4 or WNT1 for 3 weeks. We observed that even 1 ng/ml BMP4, activin A or WNT1 was sufficient to inhibit CI retinal-inducing activity and that this effect was dose dependent (Fig. 7B-D) . Accordingly, adding a fixed concentration (2.5 ng/ml) of activin A, BMP4 or WNT1 to CItreated cells induced differentiation of hESCs toward the epidermal (FGF5 and KRT19) and mesendodermal [WNT3A, brachyury (T ), GATA6 and IHH] cell lineages (Fig. 7E) . Conversely, hESCs exposed to NDI+TGFβ inhibitor (SB431542) could differentiate as efficiently into S-cones as those exposed to CI when analyzed for CRX, recoverin and S-opsin expression (Fig. 7F,G) .
Taken together, these results support the notion that COCO can promote neural and retinal cell fate from hESCs by simultaneous inhibition of BMP/TGFβ/Wnt signaling, and are consistent with the previously described inhibitory function of COCO on these pathways (Bell et al., 2003) . They also suggest that IGF1 can greatly enhance the inhibitory activity of COCO on BMP/TGFβ/ Wnt signaling.
DISCUSSION
We report on the rapid and efficient differentiation of hESCs into cone photoreceptors. ESCs were cultured under chemically defined, feeder-free conditions, and cell differentiation was induced under serum-free culture conditions without preselection procedures. Although COCO (+FGF2) displayed robust neuronal and retinal inducing activity, S-cone photoreceptor cell fate was induced to unprecedented levels when COCO was used in combination with IGF1. Differentiated cells expressed cone-specific genes and key proteins involved in phototransduction. After 35 days, in vitro generated cells were similar in morphology to week 15 human embryonic cones and could degrade cGMP when exposed to light. Bypassing the EB induction step also allowed manipulation of S-and M-cone cell fate by the addition of T3. After 60 days, in vitro generated cells self-organized into a cellular sheet with polarized cone photoreceptors and showing evidence of connecting cilium and outer segment formation.
In the developing mouse retina, photoreceptor development apparently follows an S-cone default pathway that is determined by Crx and Thrβ2; Crx induces the expression of S-opsin by default, whereas Thrβ2 suppresses it and instead induces the expression of M-opsin (Ng et al., 2001; Swaroop et al., 2010; Yanagi et al., 2002) . Likewise, both Nrl and Notch1 inhibit cone formation to promote genesis of other retinal cell types (Jadhav et al., 2006; Mears et al., 2001; Yaron et al., 2006) . We found here that most retinal progenitors derived from hESCs become S-cones upon exposure to COCO, FGF2 and IGF1. Notably, using a simplified neural induction protocol, M-cone genesis could also be induced by adding T3. During this process, 9-cis RA is, in principle, required to activate RA receptor γ (Rarγ), which cooperates with Thrβ2 to repress S-opsin expression (Roberts et al., 2006; Swaroop et al., 2010) . Although we did not add RA to our cultures, the precursor of RA synthesis, retinyl acetate, is present in the B27 supplement.
We showed that antagonism between COCO and BMP4, Activin and WNT1 activities is required to allow hESC differentiation into retinal and photoreceptor cells. More surprisingly, we found that COCO (+FGF2) was sufficient to promote hESC differentiation into retinal and photoreceptor progenitors, with comparable efficiency to NCDI. This is notable because noggin and Dkk1 are unable to induce retinal cell fate from hESCs in the absence of IGF1 (Lamba et al., 2006) . One explanation is that COCO, in contrast to noggin and Dkk1, is also able to block TGFβ signaling. Hence, pharmaceutical inhibition of TGFβ in combination with NDI provided comparable efficiency to CI (Fig. 7) . Likewise, the relatively low efficiency of Dkk1 and LEFTY at inducing hESC differentiation into photoreceptors might be explained by the inability of LEFTY to block Activin signaling (Schier, 2009) , combined with the absence of BMP inhibition (Osakada et al., 2008) . This raises the possibility that Wnt, BMP and TGFβ/Nodal/ Activin signaling also exert cone-inhibitory activities during normal retinal development. Accordingly, in the Nrl −/− mouse retina, which is composed of an excessively large number of cones, the Bmp4, Smad4 and Wnt/Ca 2+ signaling pathway genes are downregulated, and Nrl was found to directly activate these genes in order to promote rods genesis at the expense of cones (Yu et al., 2004) . Finally, both Wnt and Activin can promote rod genesis (Davis et al., 2000) .
These findings suggest a working model whereby inhibition of Wnt, BMP and TGFβ/Nodal/Activin is required to allow cone genesis at the expense of rods (and possibly of other retinal cell types), and suggest that S-cones are generated by default if all inhibitory factors are blocked. Our data also support the possibility that retinal cell fate can be actively promoted, as evidenced by the improved differentiation of hESCs into S-cones when IGF1 was used in combination with COCO. Likewise, although early neural induction efficiency was similar when using either COCO+IGF1 or COCO+FGF2, anterior neural and retinal induction was more efficient with IGF1. However, the mechanism by which IGF1 operates in this context is still unclear. IGF1 retinal fate-promoting activity may in part be through inhibition of Smad signaling (Pera et al., 2001) . Indeed, we observed robust cooperation between COCO and IGF1 in blocking SMAD2/3 and SMAD1/5/8 phosphorylation, as well as in reducing β-catenin stabilization.
In eye diseases in which cones are severely affected, such as macular degenerations, cone dystrophies and cone-rod dystrophies, differentiation of hESCs into cones is of particular interest for cell therapy by transplantation (Michaelides et al., 2006) . Although most forms of retinitis pigmentosa primarily affect rods, the disease is followed by loss of cones, possibly because of a reduction in the trophic support normally provided by rods to cones and/or increased metabolic stress (Mohand-Said et al., 2000; Punzo et al., 2009) . Thus, the efficiency of cell replacement therapy to treat retinitis pigmentosa may also depend on our capacity to generate rods and cones. Using scanning electron microscopy, we observed that cells differentiated for 35 days developed a protruding inner segment and displayed morphological similarities to week 15 human embryonic cones. Prolonging the cell culture time to 60 days resulted in the formation of a cellular sheet composed of polarized cones with evidence of connecting cilium and outer segment formation. Selforganization of hESCs into a cone tissue sheet is reminiscent of the self-formation of hESCs into an optic cup (Nakano et al., 2012) . Human cone tissue sheets may be used as a retinal patch for the treatment of macular degenerations, as shown for mouse retinal sheets transplanted into a retinitis pigmentosa mouse model (Assawachananont et al., 2014) .
In conclusion, the availability of a highly enriched human cone photoreceptor population opens new avenues to study cone biochemistry and developmental genetics. Using induced pluripotent stem cell technology, it will also be possible to generate cones from cone-affected disease patients in order to study the disease mechanism and perform drug-screening assays (Jin et al., 2011) .
MATERIALS AND METHODS
Ethics statement
The Animal Care Committee of the Maisonneuve-Rosemont Hospital Research Centre approved the use of the animals in this study. Post-mortem human eyes (see the supplementary Materials and Methods) were provided by the Banque d'yeux du Québec du Centre Michel-Mathieu and were used with approbation of the Comité d'Éthique à la Recherche de l'Hôpital Maisonneuve-Rosemont. hESCs were used in accordance with Canadian Institute Health Research (CIHR) guidelines and approved by the Comité de Surveillance de la Recherche sur les Cellules Souches (CSRCS) of the CIHR.
Cell cultures
The hESC line H9 (WiCell) was cultured on a Matrigel-coated plate (BD Biosciences) with a daily change of mTeSR medium according to the manufacturer's instruction (Stemcell Technologies) (Thomson et al., 1998) . The H9 hESC line was first established on mouse embryonic fibroblasts (MEFs) and then cultured on Matrigel in mTeSR medium. Undifferentiated hESC colonies were treated with dispase and induced to form EBs in ultralow attachment plates (VWR) in neural induction medium, which consists of the NDI mix [DMEM-F12 medium (Invitrogen) containing 10% KnockOut serum, 2% B27, 1 ng/ml noggin, 1 ng/ml Dkk1 and 5 ng/ml IGF1], essentially as described (Lamba et al., 2006) . Otherwise, cells were cultured in NCDI mix (NDI supplemented with 10 ng/ml COCO) using COCO alone or together with 10 ng/ml IGF1. EBs were plated 3 days later into Matrigelor laminin-coated plates and cultured in DMEM-F12 medium supplemented with 2% B27, 1% N2, 10 ng/ml noggin, 10 ng/ml Dkk1, 10 ng/ml IGF1, 10 ng/ml COCO and 5 ng/ml FGF2 for an additional 4 weeks. The media were changed every 2 days. Unless otherwise stated, COCO was used at 30 ng/ml in CI media. Recombinant proteins were purchased from R&D Systems.
Western blot
Total protein extracts were prepared in the Complete Mini Protease Inhibitor Cocktail solution (Roche Diagnostics) and sonicated. Protein content was quantified using the Bradford reagent. Proteins in Laemmli buffer were resolved by SDS-PAGE and transferred to a nitrocellulose blotting membrane (Pall). Membranes were blocked for 1 h in 5% non-fat milk in 1×TBS containing 0.05% Tween 20 and incubated overnight with primary antibodies: mouse anti-CRX (1:1000; Genetex, GTX91782), rabbit anti-Sopsin (1:1000; Abcam, ab81017), mouse anti-rhodopsin (4D2) (1:50, provided by the Robert S. Molday Laboratory, University of British Columbia, Canada), rabbit anti-M-opsin (1:500; Chemicon, AB5405), rabbit anti-Smad1/5/8 (1:250; Santa Cruz, sc-6031-R), rabbit anti-p-Smad1/ 5/8 (1:250; #9516), rabbit anti-Smad2/3 (1:300; #8685), rabbit anti-pSmad2/3 (1:300; #8828), rabbit anti-β-catenin (1:300; #8480), rabbit anti-p-β-catenin (1:300; #4176) (all from Cell Signaling), and mouse anti-β-actin (1:1000; Abcam, ab8226). Membranes were treated with the appropriate horseradish peroxidase-conjugated secondary antibodies (anti-rabbit, 1:15,000, A9169; anti-mouse, 1:10,000, A8924; Sigma) and developed using Immobilon western reagents (Millipore).
Immunohistochemistry
Fixed/permeabilized cells were incubated with primary antibodies overnight at 4°C, and analyzed using the Vectastain ABC Kit (Vector Laboratories); DAB (Sigma) was used as the peroxidase substrate. For grafting analyses, eye sections were incubated overnight with primary antibody solutions at 4°C, washed and incubated with Rhodamine-conjugated and FITCconjugated secondary antibodies for 1 h at room temperature. Slides were mounted on coverslips in DAPI-containing mounting medium (Vector Laboratories). Observations were made under a Leica DMRE fluorescence microscope with a Retiga EX digital camera. For further details of sample preparation and the antibodies used, see the supplementary Materials and Methods.
In situ hybridization
For in situ hybridizations on slices, tissues were dissected in PBS, embedded in CRYOMATRIX embedding medium (Thermo Shandon), snap frozen in liquid nitrogen and sections (8 µm) were cut and dried onto Superfrost glass slides (Fisher Scientific). For in situ hybridizations on whole embryos, embryos were dissected in PBS, then fixed overnight in 4% paraformaldehyde at 4°C. Whole embryos and slices were hybridized with digoxigenin-labeled RNA probes [Dand5 (Coco), accession #BC115659] and revealed with alkaline phosphatase-coupled anti-digoxigenin antibody (1:2000; Roche, 11093274910) and NBT/BCIP substrate (Boehringer) at pH 9.5.
RT-PCR
Total RNA (1 µg) was reverse transcribed with M-MLV reverse transcriptase (Invitrogen) and used in quantitative real-time PCR (qPCR) using Platinum SYBR Green SuperMix (Invitrogen) and an ABI Prism 7000 apparatus, with GAPDH as an internal standard. Experiments were performed at least in triplicate. For further details and primer sequences, see the supplementary Materials and Methods.
Phototransduction analysis
Phototransduction activity was assessed by measuring the light-induced hydrolysis of cyclic (c) GMP with an enzyme immunoassay kit (Biotrack EIA system) according to the manufacturer's instructions (Amersham Bioscience GE Healthcare). Undifferentiated H9 hESCs and cells cultured in NDI, COCO and IGF1 were kept in the dark or exposed to ambient light. The PDE inhibitor IBMX (3-isobutyl-1-methylxanthine, Sigma) was added (1 mM) 72 h before determination of cGMP levels.
Fluorescence-activated cell sorting
For cell membrane epitope staining, dispase-dissociated cells were stained with Rhodamine-coupled PNA (1:500; Vector Laboratories, RL-1072). Cells were then fixed/permeabilized with the CytoFix/Cytoperm Kit according to the manufacturer's instructions (BD Biosciences). Cells were incubated with rabbit anti-S-opsin antibody (1:2000; Chemicon, A5407) or Alexa-conjugated isotypic control goat anti-rabbit IgG antibody (1:500; Molecular Probes, A-11037). The primary antibody was visualized using FITC-conjugated goat anti-rabbit serum (1:500; Chemicon, AP124F). Sorting employed a FACSVantage flow cytometer (Becton-Dickinson) at a flow rate of less than 3000 cells/s. Dead cells and cell debris were excluded from acquisition by gating with FCS and SSC biparametric plot. After sorting, an aliquot of sorted cells was always reanalyzed to check for purity, which was usually greater than 95%.
Cell transplantation
Cell clamps (1 µl) containing ∼10,000 cells were injected into the vitreous of anesthetized neonatal (P1) mice as described in the supplementary Materials and Methods.
Statistical analysis
Statistical differences were analyzed using Student's t-test for unpaired samples. An analysis of variance (ANOVA) followed by the Dunnett test was used for multiple comparisons with one control group. P-values are given in the figure legends.
